The aim of this study was to evaluate the effect of genotype × environment interaction (G×E) on age at first calving (AFC), scrotal circumference (SC), and yearling weight (YW) and to estimate genetic correlations between these traits in Nellore cattle using reaction norms in multitrait random regression models. In this study, 28,871, 41,386, and 89,152 records of Nellore cattle for AFC, SC, and YW, respectively, were used. The data were obtained from farms located in the north, northeast, midwest, and southeast regions of Brazil that participate in the DeltaGen Breeding Program. Environmental levels were defined as a function of contemporary groups, that is, animals born in the same herd and year, from the same management group (from birth to yearling), and of the same sex. Postweaning weight gain was used as a criterion to evaluate the environmental conditions for all traits. For reaction norm analyses, residual variances were modeled with homogeneous and heterogeneous classes. The model for SC and YW included the fixed effects of contemporary group and age of the animal as a covariate as well as random direct additive genetic and residual effects. The same model, excluding the covariate age of the animal, was used for AFC. The heritability estimates were low to high for AFC (0.09 to 0.50), high for SC (0.51 to 0.67), and moderate to high for YW (0.33 to 0.71). The genetic correlations (within each trait) along the environmental levels varied from -0.27 to 1.0 for AFC, from 0.73 to 1.0 for SC, and from 0.26 to 1.0 for YW. The genetic correlations between different traits in different environments varied from -0.14 to -0.60 between AFC and SC, from -0.05 to -0.32 between AFC and YW, and from -0.05 to 0.72 between YW and SC. The genetic correlations have had different magnitudes for AFC, SC, and YW, which could indicate the presence of G×E. The present results should support researchers and farmers in defining selection criteria to improve growth traits and sexual precocity. Our results suggest that animals for breeding have to be selected in the same environment and management conditions as their progeny will be reared.
INTRODUCTION
The phenotype of an animal is determined by a set of genetic and environmental factors and the interaction between them. In this respect, studies investigating the interactions between genetic and environmental factors are fundamental so that the selection process yields satisfactory results. According to Falconer (1952) , genotype × environment interaction (G×E) occurs when performance differences between a set of genotypes varies across different environments.
Generally, the importance of G×E has mainly been evaluated by investigating the phenotypic expression of different genotypes in various environments as distinct traits and by estimating the genetic correlation for the same trait in different environments. Recently, the reaction norm models have been used to evaluate the presence of G×E in beef cattle for several traits (Pégolo et al., 2009; Corrêa et al., 2010; Mattar et al., Santana et al., 2014) . The reaction norms describe the expression of a genotype as a linear function (reaction norm) of an environmental value or gradient, using covariance functions, in which an environmental value is usually defined as the mean performance of all genotypes in that environment (Kirkpatrick et al., 1990) .
The G×E have been included in some genetic evaluation programs considering the expression of a trait in different countries as different traits; however, these studies are limited by the fact that environments of small countries are more similar than environments of large countries (Calus et al., 2004) . Because of diversity of environmental conditions in Brazil, it is essential to evaluate the importance of G×E so that strategies maximizing livestock farming can be adopted. The objective of the present study was to evaluate the effect of G×E on age at first calving (AFC), scrotal circumference (SC), and yearling weight (YW) in Nellore cattle using reaction norms in multitrait random regression models.
MATERIAL AND METHODS

Description of the Data
The present study used phenotypic data from Nellore animals, including 28,871, 41,386, and 89,152 records for AFC, SC, and YW (both sexes), respectively. The data were collected on 26 farms located in the north (Tocantins), northeast (Bahia), midwest (Goiás, Mato Grosso, and Mato Grosso do Sul), and southeast (São Paulo) regions of Brazil that participate in the DeltaGen Breeding Program (DeltaGen). The data refer to animals born between 1984 and 2010. The main objective of the farms participating in the program is the sale of young bulls and animals for slaughter. The animals are kept on pasture and have ad libitum access to a salt/mineral supplement. Normally, the breeding season of cows starts in November and lasts approximately 70 to 90 d. The first mating of heifers is usually early and performed at around 14 to 16 mo of age. This mating season occurs during the rainy season, from January to March. All heifers are exposed to bulls, irrespective of the weight and body condition.
Statistical Analysis
The data set was performed using the SAS 9.2 program (SAS Inst., Inc., Cary, NC). Contemporary groups (CG) were formed by farm (at birth and yearling) and management group (at birth, weaning, and yearling) for SC and AFC. The CG for YW included the same elements as those used for SC, in addition to sex. Contemporary groups with fewer than 10 records were eliminated from the analyses. Records of AFC, SC, and YW exceeding 3 SD above or below the mean of each CG were excluded. The mean ± SD age at evaluation for YW and SC were 511 ± 45 and 517 ± 45 d, respectively.
Formation of Environmental Levels
Environmental levels (EL) were defined as a function of animals born in the same herd and year, from the same management group (from birth to yearling), and of the same sex. Postweaning weight gain was used as a criterion to evaluate the EL for all traits (average performance of all animals in each environment). The dry season for some farms in this period lasts up to 6 mo. The average postweaning weight gain was estimated for each EL and standardized to a mean of 0 and variance of 1 to evaluate the effect of environmental restriction for different traits. Environmental levels with a standardized postweaning weight gain above +2.5 SD units were defined as EL = +2.5 (upper limit) and those with a standardized postweaning weight gain below -2.5 SD units were defined as EL = -2.5 (lower limit), because there are few records in EL above +2.5 or below 2.5. The standardized EL were submitted to an iteration process as described by Calus et al. (2004) to correct bias in the estimates of EL caused by the nonrandom use of sires or by the small number of animals in some herds.
Estimation of Genetic Parameters
Multitrait analysis was performed using a random regression animal model that included AFC, SC, and YW. The pedigree file contained the identifications of the animal, sire, and dam, with a total of 156,212 animals in the relationship matrix. The data file contained 106,301 animals, including 268 sires and 19,056 cows with progeny presenting phenotypic data for at least 1 trait.
Legendre polynomials with second and third order were used to model the additive genetic effect along the EL for all the traits. To model the fixed effect of the average population trend, second-order Legendre polynomials were used. Residual variances were modeled by a step function with 1 and 3 classes for all the traits. For the heterogeneous residual variances, the classes were defined as follows: from -2.5 to -0.90 EL, from -0.8 to 0.9 EL, and from 1.0 to 2.5 EL.
A multiple-trait random regression animal model was fitted to data in WOMBAT package developed by Meyer (2006) , and the REML method was used to es-timate the parameters. The model for SC, AFC, and YW included the fixed effects of CG and age of the animal as a covariate (only for SC and YW) as well as random direct additive genetic and residual effects. The model equation is assumed to be the same for all 3 traits. The model equation for all 3 traits was ( ) ( )
in which Y ij is the observation of ith trait on individual j, F is the set of fixed effects, β m is the model of the average trajectory of the population, t is the standardized EL, φ m (t in ) are the mth Legendre polynomial of EL for the population level and for each animal effect, α jm are individual random regression coefficients of direct genetic effect, kb and ka are the order of polynomials used for the effects described above, and E ij is a random residual effect. In the matrix notation, the following random regression model was
in which Y is the vector of records of each trait (AFC, SC, and YW), X is the incidence matrix of fixed effects (CG and covariate), β is the vector of fixed effects, Z is the incidence matrix of direct additive genetic effects, W is the incidence matrix for fixed regression coefficients, a is the vector of random regression coefficients for animal genetic effects, s is a vector of fixed regression coefficients, and e is the vector of random errors associated with the observations. According to the model, the following assumptions were adopted:
in which K a is a 6 × 6 or 9 × 9 variance or covariance matrix between random regression coefficients for additive genetic effects when second-or third-order Legendre polynomials were fitted, respectively; A is the relationship matrix between individuals; Ä is the Kronecker product between matrices; and R is a 3 × 3 variance or covariance matrix containing the residual variances when residual variances were modeled by a step function with 1 class for each trait or a 9 × 9 variance or covariance matrix when residual variances were modeled by a step function with 3 classes. Let a j represent the 6 × 1 or 9 × 1 vector of random genetic regression coefficients for animal j when second-or third-order Legendre polynomials were fitted, respectively. The covariance matrix for 1 animal is K of order 6 × 6. The covariance matrix for all animals is Results from different models of analyses were compared by the Akaike information criterion (AIC; Akaike, 1974) and the Schwarz' Bayesian information criterion (BIC; Schwarz, 1978) and by inspecting the variance component and genetic parameter estimates.
Let p denote the number of parameters estimated, N the sample size, and r(X) the rank of the coefficient matrix of fixed effect in the model of analysis and let logL be the REML maximum log likelihood. The information criteria are then given as AIC = -2logL + 2p
RESULTS AND DISCUSSION
Evolution of Trait Means along the Environmental Levels
Mean SC and YW increased as the environment improved. Mean values varied from 1,068 to 975 d for AFC, from 21.70 to 31.88 cm for SC, and from 212 to 375 kg for YW with increasing environmental conditions along the EL (Fig. 1) . Mean AFC decreased with improvement of the environment, probably as a result of better feeding, management, and environmental conditions. As a consequence, females reached puberty within a shorter period of time, reducing AFC.
Variance and Heritability Estimates
A summary of random regression models is shown in Table 1 . The log likelihood (logL) value increased with the number of parameters in the model. Considering heterogeneity of residual variances increased the logL noticeably. Changing the residual variances from 3 to 4 or 5 classes did not improve the logL, and convergence problems occurred affecting the genetic parameter estimates (results not showed). Therefore, residual variances were modeled by a step function with 3 classes for all the traits. For the additive genetic effects, convergence problems and eigenvalues close to 0 occurred when the polynomials order increased from 2 to 3 (results not showed). Results from logL, AIC, and BIC indicated the linear model with residual heterogeneous variances (Linear_ Het), with heterogeneous variances of 3 classes with 39 parameters, as the best to fit the data (Table 1) .
The additive genetic and phenotypic variance estimates followed the same trend for the 3 studied traits (AFC, SC, and YW), increasing as the EL became less restricted (Fig. 2) . A similar trend has been reported for variance components for growth traits in beef cattle (Pégolo et al., 2009 (Pégolo et al., , 2011 Mattar et al., 2011) and for production and fertility traits in dairy cattle (Kolmodin et al., 2002; Strandberg et al., 2009 ). The present results indicated that additive genetic differences between animals increase as the environment becomes more favorable for the 3 traits.
The heritability estimates for the studied traits increased as the environments became less restricted. Heritability was of low to high magnitude for AFC (0.09 to 0.50), high magnitude for SC (0.51 to 0.67), and medium to high magnitude for YW (0.33 to 0.71; Fig. 3 ).
The magnitude of the heritability estimates obtained in the present study were similar to those reported in the literature, ranging from 0.01 to 0.26 for AFC (Pereira et al., , 2001 Gressler et al., 2000; Dias et al., 2003) and from 0.18 to 0.70 for SC (Quirino and Bergmann, 1998; Paneto et al., 2002) . In contrast, Pégolo et al. (2009) reported higher heritability estimates for weight at 450 d in Nellore cattle in extreme environments and lower estimates in intermediate environments. The magnitude of the heritability estimates obtained in the present study for YW agrees with those described in the literature (Toral et al., 2004; Forni and Albuquerque, 2005; Boligon et al., 2008; Ferriani et al., 2013) .
There are several explanations for the difference in variance components and heritability estimates across different environments. According to Falconer and Mackay (1996) , heritability is a property of the population and environment, whereas environmental variance depends on management, climatic, and health conditions. Generally, greater variation in environmental conditions reduces heritability whereas greater uniformity of the environment increases heritability (Falconer and Mackay, 1996) . Improvement of envi- ronmental conditions, in the present study, increases the opportunity of animals to express their genotype; as a consequence, a greater response to selection should be obtained in (EG) in which the degree of environmental restriction is lower.
Genetic Correlations for Each Trait between Different Environments
The genetic correlation estimates for AFC between EG varied from -0.27 to 1.0 (Fig. 4) . The more similar EG presented stronger correlations, demonstrating important G×E between groups as indicated by genetic correlations less than 0.80 (Robertson, 1959) . A similar trend was observed by Standberg et al. (2009) for days to first calving in Holstein cattle, demonstrating the increasing importance of G×E as the environments studied become more different.
The genetic correlation estimates for SC between EG varied from 0.73 to 1.0 (Fig. 5) . Stronger genetic correlations were observed when the EG became more similar, with important G×E for more different environments. The genetic correlation estimates for YW between EG varied from 0.26 to 1.0 (Fig. 6) . The estimates were higher as the EG became more similar and lower for more distant EG. Similar results have been reported by Pégolo et al. (2009) , who used different random regression models to evaluate the effect of G×E on weight at 450 d in Nellore cattle. Mattar et al. (2011) observed the same trend in a study investigating the effect of G×E on YW in Canchim cattle, with estimates ranging from 0.25 to 1.0. On the other hand, Carvalho et al. (2013) , analyzing the effect of G×E on weaning weight (205 d), estimated correlations higher than 0.8.
The genetic correlations less than 0.8 for the same trait evaluated in different environments indicate that the set of genes responsible for the genetic variance in AFC, SC, and YW between different environments do not act in the same manner or are not exactly the same. The present results show that the effect of G×E was more important for YW and AFC.
Genetic Correlations between Traits in the Same Environment
The estimates of genetic correlation between AFC and SC were negative, ranging from -0.58 to -0.14. The estimates tended to be smaller as the environmental restriction decreased for both traits (Fig. 7) . The genetic correlations between AFC and SC in different environments indicate that most of the genes that act on SC also act on AFC in the more restricted environment. These results suggest that selection for higher SC can lead to favorable Estimates of genetic correlation (r g ) for age at first calving along the environmental levels (EL; in SD units).
Figure 5.
Estimates of genetic correlation (r g ) for scrotal circumference along the environmental levels (EL; in SD units).
gains in AFC, whereas the genetic association between traits decreases with decreasing environmental restriction. Negative and low genetic correlations between AFC and SC (-0.10, -0.22, and -0.19) have been reported by Gressler et al. (2000) , Pereira et al. (2000) , and Evandro et al. (2013) , respectively. In contrast, Borba et al. (2011) obtained a negative and moderate genetic correlation (-0.67) between AFC and SC in Canchim cattle.
Genetic correlation estimates of moderate to low magnitude (-0.32 to -0.19) were observed between AFC and YW with decreasing environmental restriction (Fig. 8) . Estimates lower than the range observed in the present study were reported by Pereira et al. (2001) for correlations between YW and AFC at 14 and 26 mo (-0.01 and -0.015, respectively) .
The genetic correlations between SC and YW were positive and moderate, with estimates ranging from 0.48 to 0.65 (Fig. 9) . These estimates indicate that SC can be adequate to identify bulls with a higher weight gain potential. Similar results in terms of magnitude (0.57, 0.72, and 0.73) but considering a single environment and not including the influence of G×E have been reported by Yokoo et al. (2007) , Dias et al. (2008) , and Marques et al. (2013) , respectively, for Nellore cattle. In contrast, Boligon et al. (2007) , Pastore et al. (2008) , and Regatieri et al. (2012) found low correlations (0.32, 0.33, and 0.24, respectively) . A genetic correlation lower than the range obtained in the present study (0.25) was observed by Pereira et al. (2001) .
Genetic Correlations between Traits in Different Environments
The genetic correlations between AFC and SC in different environments varied from -0.14 to -0.60. In restricted environments for both traits, the genetic correlation was moderate and favorable (-0.60) , with the magnitude of the genetic correlation decreasing as the environment became less restricted for AFC. A reduction in the genetic correlations between the 2 traits was observed as the environments for AFC and SC became less restricted, indicating that the influence of the gene groups on the 2 traits decreases with decreasing environmental restriction (Fig. 10) . The genetic correlations between AFC and YW in different environments were negative and of low magnitude, ranging from -0.05 to -0.32 (Fig. 11) . The genetic correlation estimates decreased as the environment became less restricted for YW and more restricted for AFC.
With respect to the genetic correlations between YW and SC, the estimates were of low to moderate magnitude (-0.05 to 0.72) and decreased as the environmental restriction for YW decreased and that for SC increased (Fig. 12) . Therefore, the genetic correlations between the 2 traits were low in extreme environments. Estimates of Figure 6 . Estimates of genetic correlation (r g ) for yearling weight along the environmental levels (EL; in SD units).
Figure 7.
Estimates of genetic correlation (r g ) between age at first calving and scrotal circumference along the environmental levels (EL; in SD units). genetic correlations between growth traits and indicator traits of sexual precocity, such as SC and AFC, measured in different environments are scarce in the literature.
It is expected that the indirect selection for AFC, using SC as selection criterion, can be advantageous when AFC is assed in restricted environment, with the response being greater the lower the environmental restriction for SC. It is, therefore, expected that the response to indirect selection for AFC, selecting directly for YW and SC, is greater as the environmental restriction for AFC increases. In contrast, for environments or situations in which environmental restriction is moderate to low, direct selection for AFC is expected to be more advantageous because the additive genetic variability for this trait is higher in low-stress environments.
Finally, in only a few studies, genetic parameters and variance or covariance components for growth traits and sexual precocity in beef cattle, considering the presence of G×E, have been estimated. Therefore, the present results should support researchers and farmers in defining selection criteria to improve growth traits and sexual precocity. Our results suggest that animals for breeding have to be selected in the same environment and management conditions as their progeny will be reared.
Conclusions
This study shows G×E at different magnitudes for AFC, SC, and YW. The expected genetic gain in the traits studied here through selection will depend on the genetic parameters of each trait in particular environment; therefore, the response to selection along the environments is expected to be higher in more favorable environments. The correlated response between traits can vary depending on the degree of environmental restriction. This should support farmers and researcher to define the most adequate selection criterion to improve sexual precocity and growth rate in Nellore cattle for particularly environment or management condition. Models including the effect of G×E should be used in animal breeding programs to allow the adoption of selection criteria that maximize the response to selection for specific environmental condition or production system. Figure 10 . Estimates of genetic correlation between age at first calving (AFC) and scrotal circumference (SC; r g(AFC×SC) ) along the environmental levels (EL; in SD units). Figure 11 . Estimates of genetic correlation between age at first calving (AFC) and yearling weight (YW; r g(AFC×YW) ) along the environmental levels (EL; in SD units). Estimates of genetic correlation between scrotal circumference (SC) and yearling weight (YW; r g(SC×YW) ) along the environmental levels (EL; in SD units).
